In a Low Earth Orbit (LEO) satellite mobile multimedia system, the multiple access scheme should be capable of supporting the necessary features that would facilitate the provision of multimedia services. Wideband Code Division Multiple Access (WCDMA) is an attractive multiple access scheme for mobile multimedia communications based on LEO satellites. In this paper, the performance of WCDMA system over LEO satellite channel is evaluated. The performance is measured in terms of the bit error probability. A mathematical derivation of the bit error probability is presented. A rake receiver with maximal ratio combining is considered in the analysis. The effect of the number of users and the processing gain on the performance of the WCDMA system is investigated.
Introduction
In a Low Earth Orbit (LEO) satellite mobile multimedia system, the multiple access scheme should be capable of supporting the necessary features that would facilitate the provision of multimedia services [1, 2] . Wideband Code Division Multiple Access (WCDMA) is generally recognized as an attractive multiple access scheme for multimedia applications and features certain advantages like simultaneous support of multi-rate services, beneficial exploitation of multipath propagation, interference mitigation, and full frequency reuse. These features also make it an attractive multiple access scheme for mobile multimedia communications based on LEO satellites, especially if the satellite soft handoff and path diversity possibilities are exploited [3, 4] .
There are many papers in the literature that discussed the performance evaluation of WCDMA systems over frequency-selective multipath fading channels but in this paper we will derive the error probability of such system in a LEO satellite channel. In [5] 1 a user-friendly WCDMA simulator is built and used to investigate the performance of WCDMA system for different channel condition in a multi-user environment. A comparison between matched filtering and rake receiver performance and convolutional coding effects were studied. In [6] a "k-path" channel model was employed to examine the performance of WCDMA systems. The dependence of WCDMA system performance not only on the spread bandwidth but also on radio propagation channel conditions was examined. The results show that the choice of the best spread bandwidth depends greatly on radio propagation channel conditions. The performances of different spreading factors have been analyzed in various channel conditions in [7] . Computer simulations were performed for the Rake receiver employing the Wiener filter as a channel estimator. A single user scenario has been used and the performance was also analyzed for two different Doppler frequencies corresponding to different speeds. The performance of WCDMA in multipath channels was evaluated in [8] based on the link level simulations with a Rake receiver in different multipath profiles. The effect of inter-path interference was analyzed and the possible gains from advanced receiver structures in canceling inter-path interference were evaluated. Also, the multipath diversity gain was studied for high bit rates. A hybrid FDMA/CDMA scheme operating over a frequency selective Rayleigh fading channel was described and analyzed in [9] . The performance of the hybrid-system is then compared with that of a wideband CDMA system occupying the same total bandwidth. Both coherent and non-coherent modulation formats were investigated; it was found that, for coherent modulation with a RAKE receiver, wideband CDMA has greater capacity than does the hybrid.
The following papers covered a performance analysis of the WCDMA systems over fading channels. Reference [10] presented a mathematical model for the statistics of WCDMA signals which experience multipath fading. The statistics were obtained from numerically generated signals, and were then modeled with an offset non-central chi distribution with three degrees of freedom. In [11] , the performance of the conventional Rake receivers using Maximum Ratio Combining (MRC) for a UMTS terrestrial Radio -Wideband Code Division Multiple Access (UTRA-WCDMA) downlink was investigated. Both perfect and non perfect multipath slowly Rayleigh fading channel estimations are considered. Exact bit error probabilities (BER) are derived, using quadratic forms and characteristic functions, for BPSK modulation.
References [12, 13] discussed the performance of WCDMA systems over LEO satellite communication channels. The average bit error rate (BER) of a wideband DS-CDMA, land mobile LEO satellite communication system with an equal-gain RAKE receiver was derived in [12] . It considered an urban channel model, which is a combination of a narrowband model and a wideband tapped delay line model. The analytical results with BPSK modulation, validated by simulation, were provided to illustrate the achievable performance with both diversity and no diversity reception for various satellite elevation angles. Reference [13] presented a comparative system study and evaluates, by means of computer simulation, the BER performance of W-CDMA and OFDM operating in a LEO satellite environment. The most important characteristics of the LEO satellite communications channel were presented. The simulation results evaluating the uplink BER performance for a single user indicate that, although the BER performance of W-CDMA is slightly better than that of OFDM, the performance differences are rather small.
In this paper the LEO satellite channel model is considered and the performance analysis of a WCDMA system using an MRC-Rake receiver is derived. This paper is organized as follows. Section (II) covers the proposed system model of the WCDMA transmitter, LEO satellite channel model and the WCDMA receiver. In Section (III) the error probability is derived for BPSK modulation. Simulation results are discussed in Section (IV).
System Model

A. Transmitter
For a binary WCDMA system with K independent users simultaneously sharing a channel, each user is transmitting with power at a common carrier frequency /2 , using a data rate 1/ and a chip rate 1/ . The k th user (k = 1, 2, . . . , K) is assigned a unique code sequence , of chip elements (+1,−1), so that its code waveform is given by:
where is the user specific spreading factor. The data symbols are spread by -chip Walsh channelization codes and further scrambled by a Gold code . The two codes are mixed in a single time-varying and user specific spreading code. The function
. denotes the chip pulse of duration . We assume that . is a unit rectangular pulse. The code sequence , is assumed to be periodic with period equal to the processing gain / . The data signal waveform is given by
It is binary phase-shift-keyed (BPSK) onto the carrier at , which is then spread by that user's code sequence and transmitted over the channel. is the number of data symbols sent from user . The resulting k th user's transmitted signal is thus given by
The composite transmitted signal at the input of the channel can then be expressed as: 
B. LEO Satellite Channel Model
The LEO satellite communications channel exhibits both time variance due to the motion of the LEO satellite and/or mobile terminal, and frequency selectivity due to multipath propagation [14, 15] . Thus, the LEO satellite channel is characterized by both Doppler spread and delay spread. It is assumed that the total Doppler spread is composed of two components, the first related to the motion of the satellite and the second to the motion of the mobile terminal [14] . There are a selection of sounding campaigns and ray-tracing results for the LEO satellite channel at frequencies around 2 GHz [16] utilized by the satellite UMTS bands. The important conclusion from these works is that the LEO satellite channel is characterized by path losses much smaller than the equivalent losses of GEO satellites, and by delay spreads which typically range from 250 to 800 ns. This range depends on whether there is line-ofsight (LOS) or non-LOS (NLOS) conditions between the LEO satellite and the mobile terminal as well as on the terrestrial propagation environment. In statistical terms, when a LOS path exists, the received signal amplitude is Ricean distributed, while in the case of NLOS the received signal amplitude follows a Rayleigh distribution [14, 15] . The transmitted signal has a bandwidth which is much wider than the channel coherence bandwidth, and therefore undergoes frequency-selective fading. This type of fading is typically modeled by a linear filter, which for the k th user is characterized by a complex-valued low-pass equivalent impulse response [17] [18] [19] 
where . is the Dirac delta function, is the propagation path index, and (5), is the number of resolvable paths (the first path is the reference path whose delay 0) and is related to the ratio of the maximum delay spread to the chip time duration .
We assume slow fading, so that is constant over time, and
, and , are all constant over a symbol interval. If the different paths of a given impulse response are generated by different scatterers, they tend to exhibit negligible correlations [20, 21] . In this case it is reasonable to assume that the , are statistically independent random variables (RVs). We denote the fading amplitude of the k th user l th resolved path by , , which is a RV whose mean-square value , and it is assumed to be independent of k and is denoted by .
After passing through the fading channel, the signal is perturbed by additive white Gaussian noise (AWGN) with a one-sided power spectral density denoted by . The AWGN is assumed to be independent of the fading amplitudes 
C. Receiver
With multipath propagation, it follows from (5) and (4) that the received signal , whose signal component is the time convolution of and , may be written as
where is the receiver AWGN random process. We consider an L-branch (finger) MRC receiver. For equally likely transmitted symbols, the total conditional SNR per symbol at the output of the MRC combiner is given by [22] (7)
For coherent binary signals the conditional BER, , is given by 2
where 1 for coherent BPSK [23] , and . is the Gaussian Q-function. Our goal is to evaluate the performance of the system in terms of users' average BER, and for this purpose the conditional BER (8) has to be statistically averaged over the random parameters . To solve this problem, the MGF-based approach will be used.
D. Average Bit Error Rate of Binary Signals
The Gaussian-Q function can be expressed as
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Using this alternative representation of the Gaussian-Q function in (8) , the conditional BER may be rewritten in a more desirable product form given by
This form of the conditional BER is more desirable since we can first independently average over the individual statistical distributions of the terms, and then perform the integral over , as described in more detail below.
To obtain the unconditional BER, , when multichannel reception is used, we must average the multichannel conditional BER, , over the joint PDF of the instantaneous SNR sequence , namely, 
Using the alternative product form representation of the conditional BER (10) in (11) we have
The integrand in (12) is absolutely integrable, and hence the order of integration can be interchanged. Thus, grouping terms of index , we obtain
where M is the Moment Generating Function (MGF) of SNR ber symbol .
If the fading is identically distributed with the same fading parameter and the same average SNR per bit for all channels, then (13) reduces to
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For Rayleigh fading channel M 1 taking into account that 1and substituting in (13) we get
Performance Analysis
Let us consider the k th user's performance. The decision variable may be written as the sum of a desired signal component and three interference/noise components [24] , ,
where is the self-interference component induced by the autocorrelation function of the k th user's spreading code, is the multiple-access interference (MAI) component induced by the other 1 users on the desired user, and is a zero-mean AWGN component with variance /2. can be considered to be a zero-mean Gaussian RV with variance [24] 
where Ω T ∑ Ω /Ω can be interpreted as the normalized (to the first path) total average fading power. Similarly, under the standard Gaussian approximation (large numbers of users) can be modeled as a zero-mean Gaussian RV with variance [24]
Under these assumptions may be considered to be a conditional Gaussian RV (conditioned on 
, ,
Assuming that the data bits +1 or −1 are equiprobable, the k th user conditional SNR, , , is given as
where /2 is the equivalent two-sided interference plus noise power spectral density defined as
With Ω E / the average received SNR per bit corresponding to the first path. Form (21) and (22) and since we are assuming BPSK modulation, the average BER performance expression obtained in (15) applies here by replacing with , or equivalently, replacing the average SNR per bit of the l th path Ω E / by
Thus by substituting from (22) in (15) we get
This integral will be evaluated using numerical methods by taking samples of and choosing the values of K, PG, and Ω T . The following section shows the numerical results of this probability of error.
Numerical Results
The performance of the WCDMA system was evaluated numerically over the LEO satellite channel model for different parameters. The parameters used to evaluate the numerical results are as follows. The channel bandwidth is B 5 MHz, the maximum delay spread of the LEO satellite channel ranges from 250 to 800 ns. The channel has 5 taps of gains of [0 -3 -6 -9 -12] and delays of [0 260e-9 521e-9 781e-9 989e-9]. The frame duration is 10 ms and the user data rate is 120 kbps. The user velocity is 20 km/h. The signal to noise ratio is defined as E /No. In Figure ( 2), the performance of the WCDMA system for different number of users K is plotted for a fixed value of processing gain PG 63 . The figure shows that as number of users increases, the performance of the WCDMA system degrades. This is due to the increase of MAI. For example, at BER=10^-3, the system with K=5 has a performance loss about 5 dB from the system with K=1. The effect of processing gain (PG) on the performance of the system is illustrated in Figure (3) . The results show that the system performance is improved as the PG increases. This is because as the PG increases, the cross correlation properties of the code are enhanced which causes enhancement in the system performance.
Conclusions
In this paper, the performance of WCDMA system over the LEO satellite channel is investigated. The bit error probability of the WCDMA receiver with MRC is derived. It has been shown that the system performance degrades rapidly as the number of users increases. This is due to the increase of MAI. Moreover, when the processing gain (PG) is increased, the system performance is enhanced. 
